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ABSTRACT
Assessing the current state of infrastructure and implementing strengthening or
rehabilitation methods on old or damaged members is important to ensure safety and
longevity of structures. Non-destructive testing is an important tool for localizing and
characterizing damage in structures, especially structures that are more susceptible to
damage because of age or environment. In addition to locating inadequate members, it is
essential to have a repair technique in place so that the structure can continue to be used
in a safe manner.
This study aims to review the use of acoustic emission for evaluating damage
obtained in timber piles subjected to a compressive load. In addition, multiple retrofitting
options will be investigated, and a recommended solution for the repair of timber piles
will be given based upon the effectiveness of the repair as well as ease of application and
practicality for use in the field.
Seven timber piles with varying levels of damage were prepared. Four of these
piles were rehabilitated using fiber reinforced polymer (FRP) jackets and the damaged
region was filled with either resin or grout. Two different FRP jackets were investigated,
an FRP bi-directional laminate and an FRP unidirectional prepreg filled with sun curing
resin. Compression tests were carried out on each specimen and wideband acoustic
emission sensors were attached to the piles to evaluate effectiveness of repair and to
assess the degree of damage as the load increased.
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Test results show that the most effective method was the use of the FRP laminate
filled with grout for piles with large areas of damage, and the FRP laminate filled with
resin for smaller areas of damage, however the prepreg also performed well for this
application. Furthermore, it was concluded that all reinforcement techniques would be
suitable for field application given the relative ease of installation and should be
considered as an effective technique for the strengthening and rehabilitation of timber
piles.
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CHAPTER 1
INTRODUCTION
1.1 BACKGROUND
Timber is commonly used in civil engineering structures such as bridges and
buildings because of its wide availability and environmental benefits. Timber piles are
often used in bridge design, as timber tends to withstand the harsh environments and,
unlike steel, it isn’t susceptible to corrosion. However, because it is a natural material,
timber is prone to significant cracking. These cracks can occur due to freezing and
thawing cycles, decay of material, or impact loads. Not every crack is cause for major
concern, but they still need to be closely monitored. Monitoring these cracks becomes
increasingly important as the structure continues to age.
Currently, in the United States, the American Society of Civil Engineers rates
infrastructure a D+ overall, with bridges specifically rating a C+. This rating is in part
due to the age of many structures. It was noted that four out of ten bridges are over fifty
years old. Furthermore, approximately 56,000 bridges, or 9.1%, are categorized as
structurally deficient. Even worse, there are still roughly 188 million trips made across
these structurally deficient bridges every day (ASCE 2017). Clearly, something needs to
be done to improve this score and ensure safety for the public. However, replacing
56,000 bridges is neither cost-effective, nor environmentally friendly. Therefore, it’s
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important to have options available for rehabilitation and strengthening of older or
damaged structures.
There are multiple ways that timber piles can be reinforced in the field. The
method chosen depends on the degree of damage in the pile, location of pile damage
(above water, underwater, up against abutment wall) and available materials and
craftsmen. In addition to reinforcing, it is important to have a way to monitor the
condition of older structures. Non-destructive testing should be considered so that the
structures can still remain in use and no further damage is created. The method being
used should also be as accurate as possible so that warning signs can be detected early on.
Together, monitoring and reinforcing structures provides safe and reliable infrastructure
for the communities in which they serve.
1.2 OBJECTIVES AND SCOPE
The main objectives of the study can be summarized as follows:
1.

Give an overview on strengthening and rehabilitation techniques that have been
developed for timber piles and evaluate the effectiveness of state of the practice
and state of the art methods.

2.

Investigate the feasibility of various fiber reinforced polymers (FRP) as a
rehabilitation technique for timber piles tested in compression and provide
recommendations on techniques to be used in the field based upon strength of the
reinforced specimen, cost of materials, and ease of installation.

3.

Review acoustic emission (AE) based damage assessment methods that have been
developed for testing on a variety of materials and establish how these methods
can be adapted to be suitable for use on timber specimens.
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4.

Examine AE data collected through compression tests by using cumulative signal
strength and intensity analysis and provide conclusions on the standardization of
AE evaluation for timber specimens.

1.3 LAYOUT OF THESIS
This thesis consists of six chapters. In Chapter 2, a brief review of current
reinforcing and rehabilitation methods are given. In addition, a brief description of AE
techniques as well as definitions of important AE parameters are presented. Finally,
literature discussing the state-of-the-art techniques for the use of FRP as a pile
strengthening method as well as the use of AE with wood materials is reviewed.
Chapter 3 provides an overview of the test setup and an overview of the
specimens that were obtained for the study. The compression test setup is explained along
with a description of the instrumentation and how it was used. Furthermore, the AE
sensor setup and acquisition method is explained.
Chapter 4 provides a background on the reinforcing materials used as well as a
detailed description of how the piles were reinforced including any adjustments that may
need to be made for field use. Furthermore, calculations for determining the piles design
strength were presented.
Chapter 5 presents the data that was gathered from the compression tests,
including stresses, displacements, and acoustic emission data evaluation.
Finally, Chapter 6 presents a summary of the study as well as recommendations
for future testing and field use.
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CHAPTER 2
LITERATURE REVIEW
2.1 INTRODUCTION
Timber is a highly variable material; thus, it is susceptible to degradation
associated with environmental conditions. Minor degradation may not always be a cause
for concern, but they material still needs to be closely monitored to ensure the conditions
don’t worsen and that it will remain structurally sound. When section loss becomes too
great, a method of strengthening must be chosen.
One of the most common methods of strengthening piles practiced today is
splicing and/or jacketing the pile with concrete or steel. While these methods are useful
in protecting the pile from further damage and providing a sufficient increase in strength,
the time, and resources that it can take to apply the reinforcement is very costly and may
require more manpower.
To assess if a pile needs to be reinforced, a non-destructive field test must be
performed to gage the damage in the material. Because timber has the tendency to crack,
the use of Acoustic emission (AE), a highly sensitive, non-destructive technique, is a
promising damage monitoring method. AE is defined as the “class of phenomena
whereby transient elastic waves are generated by the rapid release of energy from
localized sources within a material, or the transient elastic waves so generated” (ASTM
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E1316). AE sensors record vibrations created by waves when they reach the materials
surface, where the sensors are attached. AE sensors consist of piezoelectric crystal
encased in an aluminum or steel casing. These sensors convert the waves that are caused
by changes in strain to an electric signal which is amplified and sent to a data acquisition
system. This means that AE has the ability to detect multiple parameters of degradation
in timber including the onset of cracks and decay. Due to AE’s high sensitivity, these
parameters can be detected before they are visible to the naked eye. Furthermore, being a
passive, non-destructive method, AE does not need any externally applied stimuli after
the sensors are placed. This makes AE a promising candidate for field testing. Figure 2.1
shows a schematic of the principle of AE.
2.2 STRENGTHENING METHODS
The method of pile reinforcement chosen is often dependent on the state
department of transportations (DOT) standards. In addition, various methods can be
chosen depending on the specific site requirements and restraints. Some of the most
common reinforcement techniques are highlighted below.
2.2.1 Splicing/Posting
Splicing is a technique that involves cutting out a deteriorated or damaged section
of the pile and adding new material. Posting is a similar process to splicing in that the
deteriorated section is cut and replaced. After this, the pile is supported on a jack and a
new section, with the same diameter is placed in the area that was cut out. This material
can be new timber or steel. The replaced section is bolted to the rest of the pile and a low
viscosity epoxy is injected to strengthen the connection (Azizinamini et al. 2014). In
order to utilize this method, the portion of the pile that needs replacing must be at or
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above ground level and no more than half of the piles in the structure should be
rehabilitated in this manner (Bigelow et al. 2012).
A concrete jacket or fishplates may also be used in conjunction with this method
(figure 2.2). Other problems arise when these methods are introduced, however.
Concrete is also susceptible to deterioration in harsh elements and using concrete jackets
as a splicing method enlarges pile diameter and may cause flow restrictions in waterways
(Bigelow et al. 2012).
A form of splicing and or posting is one of the most common methods utilized by
state DOT departments. This method can be performed in various ways. For example,
Nebraska DOT’s approach consists of cutting out the damaged section and replacing it
with a new pile. The remaining timber is used as a footing for the new section. A tight
fit is achieved by using a threaded rebar near the pile cap. Arkansas DOT also uses two
different splicing techniques. The first method uses timber pieces spliced together. The
second method, which is also utilized by Mississippi DOT, uses a metal drum around the
splice that is then filled with concrete grout (Azizinamini et al. 2014).
Avent (1986) investigated the use of posting and epoxy grouting for timber pile
repair. This method consists of cutting out the damaged pile section and replacing it with
a new, undamaged, section. After the new section is put in place, the joints are epoxyinjected to form a bond. The timber specimens were tested in both compression and
bending. Results showed that the full axial compression could be restored, however the
ultimate bending strength was only restored to allowable stress value. Flexural stiffness
was also restored to expected values for undamaged piles. It was determined that this
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method was satisfactory because piles are principally loaded in axial compression and
bending strength of piles is a secondary consideration.
Another study conducted by the Bridge Engineering Center (2012) investigated
steel posting connections as a rehabilitation method. In this method, the deteriorated
section is removed and replaced with a steel H-pile section that is welded to a base plate,
four threaded rods, and four steel angles. The steel angles were bolted to the pile and
leveling nuts were placed between the angles and base plate so that the base plate could
be adjusted (figure 2.3). The specimen was then tested in axial compression. It was
found that the section had the capacity that is required of most piles; however, deflection
values were higher than desired. (Bigelow et al. 2012).
2.2.2 Concrete Jackets
Fitting piles with a concrete jacket is another common approach to reinforcement.
This method can be implemented in various ways. The most common technique involves
placing reinforcement in the annular space between the pile and the formwork. Forms can
be either flexible forms or split fiberboard forms. A flexible form is secured to the top
and the bottom of the pile and a split fiberboard form has straps installed approximately
every foot (Bigelow et al. 2012). After the form is applied, the concrete is injected into
the annular space to create confining pressure (figure 2.4). The Army and Airforce
(1994) recommend a minimum of 6 inches of cover around the pile and a reinforcing
cage made of #3 bars. Another way to utilize a concrete jacket is to use shotcrete
reinforced with wire mesh, creating a form that is roughly 25mm to 50 mm thick.
Another method is to use a precast concrete jacket.

7

Concrete jackets are a sufficient method for adding strength to the pile, however
using concrete in the harsh environment that most piles are subjected to will result in
deterioration. Environmental effects such as acids, alkalis, salt from sea water, and
freezing and thawing can cause cracks and spalling in the concrete. This damage can
expose the reinforcing steel which then may be subjected to corrosion, reducing the
strength of the pile (Azizinamini et al. 2014). One study conducted by Lopez-Anido et al.
(2005) inspected a pier in Portland Harbor Maine. Some of the timber piles were
repaired with high-density polyethylene pipe encasing (HDPE). The HDPE was split in
half to be placed around the pile and the held together with metal straps. Concrete was
poured between the pile and HDPE pipe. When the straps were removed and HDPE
reopened, there was visible damage to the pile and the concrete fill was deteriorated and
spalling, exposing the timber. Other piles in the same area were repaired with HDPE as a
continuous section, not cut in half before installed on the pile. In order to achieve this,
the deteriorated pile was most likely cut, and a new portion was installed along with the
HDPE. This method minimized the spalling of concrete, however cutting out a section of
the pile and supporting it with a jack while a new section is installed takes more time and
materials.
2.2.3 Pile Restoration
Pile restoration is similar to splicing in that a portion of the damaged pile is
removed, however, instead of cutting out the full cross-section, only a wedge is removed.
In order to utilize this technique, the deterioration must be localized enough so that the
removal of the wedge rids the pile of the damage it has maintained. The section is then
replaced using a treated material. The replacement section is cut slightly smaller than the
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original section to allow for epoxy to be pumped into the cracks, bonding the new section
with the pile. While the epoxy is curing, a metal band is used to hold the section in place,
and then removed once fully cured (Ainge et al. 2013). This is a useful method because
it takes less equipment and time than typical splicing, however, this technique is only
available for a very specific type of a damage, therefor not as common.
2.2.4 Pile Augmentation
This method is a mechanical technique that utilizes additional materials to
strengthen the pile. Typically, this is done by using reinforcing steel around the area of
damage. Then, the section is wrapped with fiber reinforced plastic/fabric or a fiberglass
jacket and then filled with concrete or grout. This technique is utilized to prevent further
damage to the pile, however because of concerns with the complexity of load transfer, it
is recommended to only use this technique if the pile doesn’t need to gain additional
strength (Ainge et al. 2013).
2.2.5 Pile Shimming
This method is used when a bridge settles or bearing to the superstructure is lost
because of damage to the pile. Shims are added by placing struts adjacent to the pier and
then jacking the cap off the stringers. Next, the deteriorated section of the pile is cut and
then a shim is added to the space between the cap and the pile is placed back into
position. Once the jack is removed, the shim is nailed into the pile and fishplates are
nailed across the repair (Ainge et al. 2013). This method requires a variety of equipment,
however, and can only be used for specific forms of damage.
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2.2.6 Fiber Reinforced Polymer (FRP)
Fiber reinforced polymer, or FRP, is a composite material consisting of a polymer
matrix and reinforcement fibers, often made from carbon or glass. The reinforcement
provides increased strength and rigidity in the pile (Azizinamini et al. 2014). This
method is often used when the pile has deteriorated to a degree that an increase in
strength is required. The damaged portion of the pile is strengthened by the shear transfer
between the pile and FRP composite shell. The shell also acts as a barrier between the
pile and the environment, so no further deterioration occurs (Bigelow et al. 2012).
Typical FRP repair technique can be seen in figure 2.5.
A study conducted by the Nebraska Department of Roads in 2014 looked at
various methods to strengthen damaged timber piles using FRP wraps, as shown in figure
2.6. Three different materials that can be used to fill areas of section loss in the annular
space between the FRP and the pile were investigated. These materials were resin, grout,
and a resin aggregate mixture. The piles had varying degrees of damage inflicted using a
chainsaw. Then, the piles were wrapped with an FRP jacket and one of the three fill
materials was injected into the annular space. The piles were subjected to a compression
test until failure. It was found that for small areas of damage, the resin fill worked the
best, however slightly increasing this area drastically reduced the strength of the piles
reinforced with resin. This may be due to the high heat of hydration of resin, which can
impact the strength once cured. Furthermore, using resin for larger damaged areas is less
cost effective than other materials explored. Grout was the most effective material used
for filling larger areas of damage, however all the methods performed well above the
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design load of the pile (Azizinamini et al. 2014). This study shows that using FRP is
effective in increasing the strength of a damaged timber pile.
Another study conducted by Southern Plains Transportation Center at Louisiana
Tech University studied the use of FRP on specimens that were loaded with both
concentric and eccentric loads. There was a total of 42 specimens tested, half with a pure
compressive load, the other half with a compressive load and moment due to eccentricity.
The piles were cut into an hourglass shape to imitate damage that occurs in the in the
“wet-dry zone” of the pile, or the portion of the pile that is right above the waterline. All
piles were roughly 50 inches long and fully saturated. Three different types of FRP
products were used, all of which consisted of a prefabricated FRP shell and an
underwater epoxy or grout to fill the annular space between the pile and the shell. The
three products used were Denso North America, PileMedic, and Simpson Strong Tie.
Four of the Denso North America repairs were done using an additional carbon fiber grid
in the annular space for extra reinforcement. It was found that for the concentric loading
case, the reinforced piles not only performed better than a damaged unreinforced pile, but
also almost always performed better than the original undamaged unreinforced pile. In
the eccentrically loaded case, the piles performed more than two times better than the
damaged unreinforced specimen and most of the piles failed at or right below the same
load as the undamaged, unreinforced control specimen. Overall, it was determined that
all three FRP products were efficient and could be used to successfully rehabilitate a pile
regardless of the repair technique (Baghi et al. 2017).
This study will further investigate the effectiveness of using FRP composites as a
reinforcing technique. The novelty lies in the types of piles used, as well as type of

11

reinforcing used. This study will use piles that are naturally damaged from a demolished
bridge in South Carolina. Two of the piles tested in this study were reinforced without
creating any additional damage. This mimics the field conditions of piles, as most piles in
the field don’t have a uniform section of damage. Furthermore, a composite will be used
that has the ability to cure in the sun, thus making the installation process more user
friendly.
2.3 ACOUSTIC EMISSION
Multiple studies have been conducted to assess AE as a viable resource to use for
the detection of degradation in timber structures. Abarkane et al. (2018) conducted a
study on timber piles reinforced with carbon fiber reinforced polymer (CFRP) subjected
to a 3-point bending test. When using AE on timber elements, difficulties arise because
of timbers high heterogeneity, which creates a high distortion to the waves. Additionally,
the high attenuation of timber can lead to a loss of information at higher frequencies. To
combat these issues, all of the AE data analysis is done only on a very narrow window of
the signal and a correction of the signal in the frequency domain was established. It was
found that the reinforced specimens recorded more events at higher frequencies than the
control specimens. This may indicate that higher frequency events are correlated with the
resin wood breakage. Furthermore, it was also observed that the cracks of the wood were
concentrated at the central part of the element that was subjected to greater stresses and
the AE events were located in the same area, showing correlation between AE location
and damage location.
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Another study was conducted by Lutomski et al. (1999) on the detection of decay
in timber elements through use of acoustic emission. This study utilized pine wood
samples previously infected with the soft-rot fungi and brown-rot fungi. The samples
were measured in the perpendicular to grain compression test, in the radial direction. It
was observed that even with a mass loss of below 1% in the infected timber, there was an
increase in AE activity under compression compared to the healthy sample. This showed
that AE was successful in monitoring decaying timber and can be useful in predicting
material failures based upon the mechanical properties of timber.
Although AE is a promising non-destructive method, there is a lack of studies that
have been done on its use with timber materials, specifically for members in
compression. Furthermore, this study will explore multiple reinforcement techniques of
the timber, thus the data from unreinforced and reinforced specimens can be compared
and allow for a further understanding of failure modes and crack propagation in a variety
of timber piles.
2.4 ACOUSTIC EMISSION PARAMETERS
AE waves are caused by a sudden release of energy, and these waves will travel to
a sensor. If the amplitude of the wave exceeds the threshold of the sensor, then the AE
signal is detected and sent to the data acquisition system. Detected waves are referred to
as an AE hit, or just “hit”. A detailed analysis is then conducted on the waveform to
obtain several parameters including amplitudes, duration, rise time, energy counts, signal
strength, frequency, RMS, and RA value. Figure 2.7 shows a plot of the different
parameters, described in more detail below.
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1. Hit
A “hit” is the process of detection and measurement of an AE signal on an
individual sensor cannel (ASTM E1316).
2. Event
An event is the rise of AE activity that will cause multiple hits on different
sensors (ASTM E1316).
3. Amplitude
The amplitude is the largest voltage peak in the AE waveform. AE signal
amplitude is measured in decibels (dB) defined by (dB) = 20log Vp; where Vp is
the peak signal voltage in µV, referred to the preamplifier input (ASTM E1316).
4. Duration
The duration is defined as the time from the first threshold crossing to the end of
the last threshold crossing of the AE signal from the AE threshold (ASTM
E1316).
5. Rise Time
Rise time is the time from an AE signal’s first threshold crossing to its peak
(ASTM E1316).
6. Counts
Counts are the number of times the AE signal crosses the detection threshold
(ASTM E1316).
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7. Signal Strength
The signal strength is the measured area of rectified AE signal with units
proportional to volt seconds (proportionality constant specified by AE instrument
manufacturer (ASTM E1316).
8. Frequency
Frequency is defined as the number of waves that pass a point every second.
Important AE parameters include the peak and the average frequencies. Peak
frequency is the point in the power spectrum at which the peak magnitude occurs
(Abdelrahman 2016). The average frequency is the ratio between number of
counts, or AE ringdown time, and the duration of the signal. Average frequency is
a useful parameter when classifying tensile and shear cracks, as shown in figure
2.8 (Ohno and Ohtsu 2010).
9. RMS
The root mean square, or RMS, is a measure of continuous varying AE voltage. It
is defined as the rectified time averaged AE signal measured on a linear scale
(Abdelrahman 2016).
10. RA Value
The RA value is defined as the ratio of the rise time and the maximum amplitude
from the AE signal. RA Value, along with average frequency, is used to classify
active cracks as tensile and shear. This relationship can be seen in figure 2.8
(Ohno and Ohtsu 2010).
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2.5 DAMAGE EVALUATION METHODS
There are multiple methods that have been developed that have the capability to
quantify the degradation in structures using AE. The following highlight some of the
most common available AE evaluation techniques.
2.5.1 Data Filtering
Data filtering is often essential while using AE. This is because there are many
hits collected from background noise that are not necessary for data evaluation. There are
many ways to filter AE data, including front end filtering, pass filtering, and D-A or
Swansong II filtering. The method or methods chosen depend on the scope of the project
and the type of data that was collected. For this study, front end filtering was used.
Front end filtering is applied before the test is started. The user inputs a certain
threshold so that a hit is either accepted or rejected as data is being collected. Typically,
a front-end filter is applied to the amplitude, meaning that if a hit doesn’t have a certain
amplitude, it will not be recorded. This is helpful in noisy environments, where
background noise may be picked up as low amplitude hits. Front end filtering is useful in
reducing the initial amount of data collected, however, once the filter is applied, the user
may not go back and access the data that was rejected by the filter.
2.5.2 Intensity Analysis
Intensity analysis is used to define a degree of damage in structural elements.
This method requires the accumulation of AE data obtained from successive load cycles.
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The AE data is then used to determine the indices given in equations 2.1 and 2.2 (Anay
2019).
N

H(I)= N-K *(

∑N
i=K+1 Soi
)
∑N
i=1 Soi

(Equation 2.1)

1

Sr = J *( ∑Jm=1 Som )

(Equation 2.2)

The Historic index, shown in equation 2.1, is defined as a measure of the change
in signal strength through the loading phase of the test. This parameter provides a
historical approach to a level of damage in the element. Where Where H(I) is the historic
index, N is the number of hits until a time t, Soi is the signal strength of the ith hit, and K
is the empirically derived constant.
The Severity index, shown in equation 2.2, is defined as the average signal
strength among the largest numerical values of the signal. Where Sr is the severity index,
J is the empirically derived constant, and Som is the signal strength of the mth hit (Anay
2019).
Plotting these two parameters gives the intensity chart, as shown in figure 2.9.
2.5.3 Cumulative Signal Strength
The cumulative signal strength (CSS) is defined as the integral overtime of the
rectified signal (Mangual 2012). This parameter is dependent on amplitude and duration
while it is independent of gain. This is important because gain, a parameter associated
with the preamplifier, can vary depending on the system being used. This parameter is
helpful in analysis because when graphed vs time, large spikes in CSS can mean that
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damage occurred at that time. This graph can be compared to load vs time to evaluate
what loads caused possible damage in the specimen.

Figure 2.1: Principle of Acoustic Emission (Nair and Cai 2010)
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Figure 2.2: Posting Timber Pile Using Concrete Jacket or
Fishplates (White et al. 2007)

Figure 2.3: Steel Posting Connection (Bigelow et al. 2012)
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Figure 2.4: Reinforced Concrete Jacketed Timber Pile
(Avent 1986)

Figure 2.5: Repair Technique Using FRP Wrap (Hagos 2001)
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Figure 2.6: Wrapping FRP Around Pile (Azizinamini et al. 2014)

Figure 2.7: AE Parameters (Ohno and Ohtsu 2010)
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Figure 2.8: Average Frequency Vs. RA Value
(Ohno and Ohtsu 2010)

Figure 2.9: Intensity Plot (ElBatanouny 2014)
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CHAPTER 3
TEST SET UP
3.1 INTRODUCTION
Deterioration and decay of timber piles is a concern for the safety and durability
of bridges. Because timber is a natural material, deterioration of the piles is likely to
happen over time even if they have been treated with a preservative like creosote.
Creosote is one the most common treatment for piles, it protects against termites, fungi,
mites, and other pests that can harm the wood. However, overtime this layer of treated
material on the outside can wear off and expose the untreated wood (Kubiczki and
Lombard 2011). In addition, impact loads from vehicles or objects floating in water can
cause large areas of damage that are cause for immediate repair. The piles in this test are
treated with creosote, however, due to age of the piles, this treatment may have worn off,
thus, potential causes of the damage could be due to either decay or impact loads
obtained from service life.
Although some damage can be noticeable to the naked eye, this is not always the
case. When timber starts to decay, it may not always happen on a visible surface.
Sometimes when damage is finally recognized, extreme section loss has already
occurred. In this case, typical repair methods may no longer suffice, and additional piles
may need to be added or complete demolition and reconstruction must take place in order
to meet load requirements. Catching the signs of damage in a pile early is of utmost
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importance when trying to save money and ensure the safety of everyone using the
structure. In order to do this, non-destructive testing should be considered.
Non-destructive testing (NDT) or non-destructive evaluation is a testing technique
deployed in the field that provides data on the current state of a member or structure
without causing any additional damage. There are multiple forms of non-destructive
evaluation that can assist in structural health monitoring of timber structures. Some of
the most common NDT techniques for timber structures are drill resistance, radiography,
microwave and ground penetrating radar, vibration, ultrasonic detection, and stress wave
analysis (Emerson et al. 1999).
Stress wave analysis is the method of non-destructive evaluation that will be
explored in this paper. To acquire stress waves in the material, acoustic emission (AE)
will be utilized. This is a passive technique, meaning no external stimuli is needed for a
response, unlike microwave or ultrasonic inspection. This means that this method will be
easier to carry out in the field, given the ease of transportation and minimal accessibility
requirements.
Data is acquired through the use of sensors that are composed of a piezoelectric
material and are placed on the surface of the loaded specimen. These sensors detect
signals that are generated from the material itself. This differs from other methods which
are more susceptible to sensing false defects, such a geometric discontinuity. (Pollock
1986; Ziehl 2008; Ziehl and Pollock, 2012). Furthermore, AE sensors are highly
sensitive, which enables them to detect invisible cracks on the micrometer range. This
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means that the cracks can be detected before they are visible to the naked eye, allowing
for an earlier intervention for rehabilitation of a damaged member.
Various studies have investigated the feasibility of using AE as a structural health
monitoring method (Ono 2010; Nair and Cai 2010). These studies have helped lay a
foundation for parameters used for damage assessment. Furthermore, multiple studies
have reviewed the use of AE for timber structures specifically (Abarkane et al. 2018;
Lutomski et al. 1999). These studies explore techniques that deal with timbers high
attenuation and other difficulties that arise from it being a natural material.
3.2 RESEARCH SIGNIFICANCE
Structural health monitoring using a non-destructive technique, such as AE, has
promising applications in the field and can be useful for detecting damage and defects in
structures. Having a reliable and accurate technique will keep the public safe while also
potentially reducing costs related to the repair and demolition of structures. This study
focuses on using AE on timber piles tested in compression. Not only has there not been
as much research on using AE with timber materials, but a majority of the studies that
have been conducted have been done for timber members in flexure. AE will be also be
used on piles that have been strengthened using FRP. This mimics field conditions for
many timber piles because numerous bridges in the United States are very old and
various forms of strengthening and rehabilitation have been performed on these
structures.
3.3 TEST SPECIMENS
In this study, seven timber piles were used. The piles had varying diameters and
were 95” long, with the exception of specimen 1 which was 100” long. The reason for
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change in pile length was to accommodate the piles to a new setup, which will be further
explained in section 3.4. Pile diameters varied along the length of each pile, meaning that
each specimen had a small diameter end, ranging from 9.5” to 10.5” and a large diameter
end ranging from 10” to 11.5”. All piles were number 2 southern pine treated with
creosote. Piles 1, 2, and 6 were brand new specimens with little to no damage (see figure
3.1) and specimens 3,4,5, and 7 where piles acquired from a demolished bridge in South
Carolina with little to extensive damage. Figure 3.2 shows the level of damage of each
pile. The piles that had the most visible damage were set aside to be tested with no
additional inflicted damage. These specimens are classified as “natural damage” because
all damage in the piles were maintained from the environment. The piles with little to no
visible damage, with exception to control specimen 1, are classified as “self-inflicted
damage”. In order to mimic more drastic field conditions, such as impact loads or heavy
decay and deterioration in only one portion of the pile, a larger cross-sectional area was
cut from these piles. Damage was inflicted by using a saw with the pile on rollers as
shown in figure 3.3. Two inches from each side of the piles cross-section was cut in a
tapered hourglass shape at mid-height (see figure 3.3). Detailed measurements of each
pile are given in table 3.1.
3.4 COMPRESSION TEST SETUP
All the piles were tested in pure compression. Although piles may often be
subjected to both compression and transverse loads in the field, these transverse loads
tend to be negligible compared to the large axial loads. Thus, compressive strength was
considered the most important parameter in this study.
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The test set up consisted of a self-contained frame, tested horizontally as shown in
figure 3.4. The frame was composed of steel W-beams connected by steel angles with 1”
bolts as well as 1” threaded rods (see figure 3.5 and 3.6). A hydraulic ram (Enerpac RR15013) with a 153.5 ton capacity and 13.13 inch stroke was bolted to the east side of the
frame to apply the compressive load.
To further increase safety, a sheet of plexiglass was set on top of the frame, and
two long pieces of wood were placed on top of the plexiglass so it could be clamped to
the frame, as shown in figure 3.7. This was done to prevent pieces of wood from shooting
out of the top of the set up in the event of a major crack and/or to prevent the whole pile
from lifting up out of the setup in case of slippage.
To protect the pile from splitting and to help distribute the load evenly, either a
steel cap or a ratchet strap and a steel plate (figure 3.8) were used depending on the
diameter of the pile. Some of the piles also came from the field with sheet metal wrapped
at the bottom (figure 3.9). In this case, the metal was left on to accomplish the same job
as the ratchet strap or steel cap. Neoprene pads were used on both ends to help with load
distribution as well. The first pile did not have a steel cap or steel strapping on one end
and a thinner plate was used to distribute the load between the load cell and the pile. This
led to the steel plate bending and puncturing the pile at the end which may have caused
the pile to crack significantly at a lower load than expected. Therefore, all subsequent
specimens were cut to 95” so that they could fit into the set up with a thicker plate.
To collect the loading data, a 250-kip load cell was used. Another steel plate was
placed between the hydraulic ram and the load cell so that the load was distributed evenly
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on that surface as well. The load cell rested on a 4x4 block of wood, with neoprene pads
on both sides, to protect it from any fall damage.
The timber pile was lowered into the frame and placed on a W-beam as to keep it
elevated off the ground when no compressive force had been applied (see figure 3.10).
To keep track of any lateral movement, four linear variable displacement transducers
(LVDTs) were placed 6” from the end of the pile, two at each end (figure 3.11). To
measure axial deformation, a string pot displacement gage was used at one end. The
string pot was secured to the test set up and the string was attached to the pile beyond the
neoprene pad as to not include the initial deflection that takes place at loading. At the
other end, however, the displacement from the neoprene pad needed to be recorded and
subtracted from the string pot displacement. This was done through the use of another
LVDT.
The testing instrumentation was connected to a VISHAY micro measurements
system. The system 7000 was used as the data acquisition system with a measurement
accuracy of ±0.05%.
3.5 ACOUSTIC EMISSION MONITORING
For this test, wide band sensors (WDI-AST) were used to monitor the specimens.
These sensors were chosen for their high sensitivity, low-noise input and preamplifier
and filter in the sensor housing. The preamplifier was set to 40 dB, this allows the sensor
to recognize the low amplitude signals produced and amplify them into a usable form.
The sensor threshold was set to 40 dB. This means that only signals that cross the
40 dB threshold would be recorded. This is an important step to ensure that only the
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important data is being recorded, which makes processing the data less time consuming,
as there is already large amounts of data being collected without additional background
noise. 40 was chosen in this instance because testing was being done in a loud
environment and any lower would cause unnecessary data collection and any higher
would not allow for the sensors to pick up enough data from the pile because of woods
high attenuation. Sampling rate was set to 1 millisecond per second with a pre-trigger of
256 samples.
Sensors were placed on each specimen at a distance of 6.5 to 8.5 inches from the
end of the pile, then five more sensors were placed roughly equidistant along the top of
the pile. Sensor layout for each specimen can be seen in figure 3.12. Some variations in
sensor location occurred because large surface cracks had to be avoided so that the
sensors could properly adhere to the specimen. Sensors were applied to the piles with a
two-part epoxy and duct tape was placed over top to ensure secure application, as shown
in figure 3.13.
Before the compression test was started, pencil lead breaks were done in
accordance with ASTM E1316. Pencil lead breaks are done so that the wave speed and
amplitude can be recorded as well as to check the attenuation associated with each
sensor. Pencil lead breaks are an important part of data collection because it ensures that
each sensor is working properly, and data is being collected as expected.
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Table 3.1: Pile Dimensions
Specimen Damage
Number Type

Pile
Small
Large End
Length end
Diameter
Diameter

1
2

100”
95”

9.5”
9.5”

95”
95”
95”
95”
95”

3
4
5
6
7

None
SelfInflicted
Natural
Natural
Natural
SelfInflicted
SelfInflicted

10”
10”

Length of
damage (at
longest
point)
NA
18”

Depth of
damage (at
deepest
point)
NA
2”

10”
10”
11”
9.5”

11”
11’
11.5”
10”

18”
18”
18”
18”

3”
2.5”
1”
2”

10.5”

11.5”

18”

2”
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Figure 3.1: Brand New Timber Piles

Figure 3.2: Piles from Demolished Bridge
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(a)

(b)

Figure 3.3: Inflicted Damage (a) Dimensions of Pile (b) Pile on Rollers

Figure 3.4: Test Set-Up
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Figure 3.5: Angle Connection

Figure 3.6 Threaded Rod Connection

Figure 3.7: Plexiglass Covering
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(a)

(b)

Figure 3.8: (a) Steel Cap (b) Ratchet Strap

Figure 3.9: Sheet Metal

Figure 3.10: W-Beam Under Pile
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Figure 3.11: LVDTs at Pile End
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Figure 3.12: AE Sensor Spacing for Each Pile
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Figure 3.13: Sensor Application to Pile
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CHAPTER 4
TIMBER PILE STRENGTHENING
4.1 INTRODUCTION
Because the current state of infrastructure in the United States is below average, it
is important that effective methods of rehabilitation and strengthening are in place for the
countries aging structures. While it is important to monitor and inspect structures often
to understand the current capacity, once the structure starts to show warning signs of
aging and deterioration, a plan must be put in place so that a relatively quick and costeffective method can be deployed so that it can continue to be used safely.
Many repair methods, like posting and splicing can be costly, time consuming,
and require a significant amount of labor. One of the most cost-effective ways to
strengthen damaged piles is with the use of fiber reinforced polymers (FRP). FRP is a
composite material that consists of a matrix with reinforcement. The reinforcement is
most commonly carbon or glass fiber, and the matrix is typically an epoxy resin. The
strength of FRP is dependent on the layout of the reinforcement as well as the amount of
carbon fiber compared to the polymer.
FRP stands out from other reinforcement methods because of the relative ease of
application. While the material itself may be pricier than a concrete jacket or splicing of
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a section, the installation process is simpler to perform, takes less manpower than other
methods, and often less material is required for similar strength increase. Furthermore,
FRP application does not require jacking the bridge up while the pile is being worked on,
so the bridge or structure may not have to be shut down during the process, given that it
is still safe enough for use without the added strength of the reinforcement. FRP can also
be used for multiple types and sizes of damage in piles, and a custom shape does not have
to be manufactured for every cross-section size, since the piles are wrapped in the field.
Furthermore, if piles need to be strengthened underwater, which is often the case, a
minimal dive team is required to perform the installation.
This study aims to investigate the best way to utilize FRP as a confinement
material based upon the type of damage a pile has accumulated. Two different types of
FRP were investigated in this study. The first was a FRP laminate provided by PileMedic
with bidirectional glass fabrics providing strength in the longitudinal and transverse
direction. The second was a unidirectional prepreg (or pre-impregnated) fabric. This
means that the fibers are impregnated with a resin, for this project, a sun curing resin
provided by Sunrez was used. Once the resin is fully cured in the sun, the sheet becomes
an FRP.
4.2 RESEARCH SIGNIFICANCE
FRP shows a promising future as a strengthening method for timber piles given
the relative ease of installation and overall cost-effectiveness. Multiple studies have been
performed on the use of typical FRP laminates such as the FRP provided by PileMedic,
these studies show that full strength of the pile can be restored, and the design load
capacity can be exceeded. These studies focused on the use of FRP on piles that were in
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relatively good condition and damage was induced with a chainsaw or table saw. In this
study, however, piles that obtained damage from field conditions will also be
investigated, meaning the results will more closely align to what is seen in the field.
Furthermore, the Sunrez FRP is unique in that the sheet will cure in the sun. This
makes the process even simpler than when wrapping a pile with a normal FRP laminate
which can be stiffer. Furthermore, there is less mixing of epoxies or resins on the job site,
which allows for faster installation as well as less possibility of mistakes being made in
the field. In areas where piles are exposed to sun, no extra equipment would be needed in
order to properly install, however, even if the pile needs to be wrapped out of the sun or
even underwater, an ultraviolet lamp can be used to accelerate the curing process.
One of the main purposes of this study was to compare the practicality of using
each repair method so a complete recommendation on which reinforcing method is the
best could be given. Factors that influenced this recommendation include relative ease of
installation, how long it took to finish the reinforcing, how many people it took to aid in
the reinforcing process, and how much equipment and material was needed for each
method. Price of materials was also considered in this evaluation.
4.3 STRENGTHENING METHODS INVESTIGATED
In this study, four piles were reinforced using FRP. The following are the
different repair types that were investigated:
•

FRP laminate filled with resin

•

FRP laminate filled with grout

•

Prepreg filled with resin
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•

Prepreg filled with grout
All of the reinforced piles are shown in figure 4.9.
There are two main steps when it comes to reinforcing piles: jacketing the

damaged area with FRP and then injecting the annular space with resin or grout. The
procedures outlined below were established in a laboratory environment, so testing in the
field may have slight differences depending on the location of the pile. However, a
majority of the steps were given directly from the manufacturer of the FRP and they
remain roughly the same for field use, only slight modifications, explained below in more
detail, would be required.
4.3.1 Jacketing
Two different types of jacketing materials were used. The first was a glass fiber
reinforced polymer (GFRP) laminate with two-way reinforcement from PileMedic (see
Appendix A). The second was a unidirectional prepreg, impregnated with a sun curing
resin from Sunrez (see Appendix A). The size of the sheet was dependent on the
diameter of the pile. The length was calculated the same way for both FRP sheets as
shown in equation 4.1, this allows for the sheet to wrap around the pile two times. The
width of the FRP was determined by the manufacturer, as they come in standardized
sizes. The PileMedic laminate was 48 inches wide and the Sunrez prepreg was 42 inches
wide.
L = 2×π×D

(Equation 4.1)
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Where L is the total length of the laminate in inches and D is the diameter of the largest
end of the pile in inches.
PileMedic Laminate
Once the laminate was cut to the correct size, a layer of epoxy (Appendix A) is
applied to approximately half the sheet, as shown in figure 4.1. The layer of epoxy
should be about the thickness of a credit card. The wrapping method differs slightly for
the resin and grout applications. For the resin application, the FRP is wrapped directly up
against the pile. This minimizes the annular space, meaning less resin will be needed.
Before wrapping begins, it is important to ensure that there is a way to inject the
resin after the jacket is wrapped. Some piles had enough damage so that there was a
natural notch in the wood, as shown in figure 4.2. If the pile does not have any damage
of this sort, notches can be made with a chainsaw. The notches, natural or inflicted,
should be long enough so that they come slightly outside the region that is being
wrapped, this makes pouring the resin in easier.
For piles injected with grout, a larger annular space is created with 1.5” diameter
PVC pipe, as shown in figure 4.3. The pipes are placed 6 inches below the top of the
jacket as well as 6 inches above the bottom of the jacket, spaced roughly 8 inches apart
around the pile. The jacket is then wrapped around the PVC which allows for a uniform
annular space. Alternatively, PileMedic offers a zip tie assembly system, shown in figure
4.4, that serves the same purpose, and in addition, rebar can be inserted into the spacers,
which will aid in increasing the bending strength of the pile. The number of spacers
needed as well as the size of the annular space should be specified by the manufacturer.
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The piles were set up vertically for wrapping, this more closely exemplifies field
conditions. The pile was supported by a forklift applying pressure on top to keep it
upright. This also helped to match field conditions because the forklift made it more
difficult to navigate around the pile, which is common in the field due to other
surrounding piles.
To begin the wrapping process a vice grip is attached in the middle of the short
side of the FRP on the side that has epoxy on it and another vice grip is attached at the
other end, as shown in figure 4.1. The end without epoxy is wrapped around the pile first.
One person should hold the FRP steady at the pile by the vice grip while another person
takes the vice grip at the other end and walks around the pile. It is important to make
sure the FRP is tightly wrapped. To help keep from unraveling, the FRP can be nailed or
screwed into the pile before wrapping begins.
Once the pile has been completely wrapped, the vice grips can hold the end secure
while the pile is wrapped with plastic wrap, as shown in figure 4.5. The epoxy will take
approximately 24 to 72 hours to completely cure. Once the epoxy has cured, the vice
grips can be removed, and the pile is ready for fill.
For the piles injected with grout, the same procedure is followed, however the
FRP cannot be screwed in directly to the pile because of the additional space created by
the PVC pipe. Furthermore, once the pile has been wrapped, the FRP should be secured
with two ratchet straps, in addition to the plastic wrap.
This process differs slightly with underwater application. Depending on access to
the pile and depth of the water, a dive crew may be needed. To make wrapping easier for
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the person navigating around the pile, a PVC pipe may be attached to the vice grip to
make the jacket easier to hold onto.
For all applications, whether in the lab or the field, it is recommended to do a dry
run first. This entails following all of the above wrapping steps without the epoxy being
applied to the sheet. This lets everyone handling the FRP get a feel for the process.
When the epoxy is applied, it can be unwrapped and rewrapped if a mistake is made,
however, the epoxy may need to be reapplied to the FRP and it will be slightly more
difficult to handle.
Sunrez Prepreg
The application process for the prepreg is similar to the laminate, however there
are a few less steps. Once the proper size has been determined, the wrapping can begin.
To start, the prepreg is nailed or screwed into the pile. The prepreg is then wrapped
around the pile in the same fashion, however it is not as stiff or heavy as the laminate, so
less people may be needed to assist. For grout applications, the FRP was also applied
around PVC pipes to create a larger annular space.
After the FRP cured around the pile, a strip of epoxy was applied underneath and
on top of the seam of the FRP. This was done to ensure the FRP did not unroll as soon as
the load was applied. It is important to ensure that the lateral confinement strength,
defined in equation 4.6, must be less than the strength of the epoxy so that the seam
doesn’t fail before the pile.
For this test, all the piles were wrapped outside and cured in the sun, as opposed
to UV light curing. Depending on the time of year and location of the pile, the time for
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curing could take 24-72 hours. The piles were wrapped in the winter and only received
sun for a few hours a day, so it took roughly 3 days for the resin to completely cure. The
pile also had to be rotated every so often so that it could receive adequate light on each
surface. If this were to be done in the field, a UV light would most likely be needed so
that the resin could dry in a reasonable amount of time.
4.3.2 Injection
Resin
Resin fill was used for the piles that had the smallest area of damage, the naturally
damaged specimens. This was for two main reasons, the first being that resin is an
expensive material (compared to other fill materials) so it is best to limit the use for
smaller areas of damage. The second reason is that resin has a high heat of hydration, as
the volume of resin in one area increases, the hotter it will get during the curing process
which may cause additional damage to the pile, so it is best to limit its use to filling
smaller cracks, as with the naturally damaged specimens.
Before injection begins, the annular space between the pile and the jacket must be
sealed at the bottom of the pile to prevent the resin from leaking out. Two steps were
done to ensure this wouldn’t happen. First, spray foam was piped into this space, as can
be seen in figure 4.6. After the foam dried, a plastic skirt was then secured around the
bottom (figure 4.7), in the event the spray foam didn’t fully fill all the gaps.
The resin used for this study was a two-component, high strength, low viscosity,
structural epoxy that is suitable for underwater applications, the product data sheet can be
found in Appendix A. This resin had a 2:1 mix ratio by weight. A scale could be used to
measure out precisely, however, in the field, the resin is typically mixed by volume
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because the difference is very small and will have a negligible effect on the overall
strength of the material. For this study, the resin was also mixed by volume and poured
into a bucket and hand mixed for 3 minutes until thoroughly combined.
As described in section 4.3.1, piles being retrofitted with resin should have small
notches (natural or inflicted with a chainsaw) that come above the FRP jacket so that
resin can be injected in. There are multiple was to inject the resin, for this test, resin was
poured in through a small funnel that was placed into the notches, as shown in figure 4.8.
To start, about a liter of the resin was mixed and poured around the pile. This
initial layer is to ensure that no major leaks have occurred. When this initial layer starts
to set, it will also act to block any smaller voids at the bottom of the FRP, so the
subsequent resin doesn’t leak out. The resin will take approximately 45 minutes to
become tacky, this time will vary, however, due to the temperature and humidity in the
environment. To properly gage the tackiness of the resin, a small amount can be leftover
at the bottom of a cup, and once this resin becomes tacky, the remainder of the pile can
be filled.
Only 1 gallon, maximum, of resin should be mixed at a time. It is important not
to mix all the resin at once, as it is hard to gage how much resin is actually needed in the
FRP. Furthermore, a maximum of 3 gallons of resin should be poured before curing to
ensure that the heat of the curing resin does not become too great in the pile. Once the
pile has been completely filled, it may be necessary to come back in another 45 minutes
to top it off because the resin will start seeping into the voids, creating more space at the
top to be filled.
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Grout
For grout mixing, the directions were followed by the manufacturer to achieve a
flowable mixture. This allows for enough workability to pour the grout into the annular
space, while still maintaining a high strength. Grout was mixed with a mechanical mixer
and poured into the pile with a large pitcher. Similar to the resin, a small amount of grout
was poured in to start to ensure that there were no leaks in the plastic cover. The grout
was then let to rest for approximately 45 minutes to harden slightly before the rest of the
grout was added. It was found that the grout was less likely to leak than the resin from
underneath the pile, so no spray foam was necessary. The data sheet for the grout can be
found in Appendix A.
4.4 MAXIMUM LOAD CALCULATIONS
Before the piles were tested, an estimation of capacity was calculated. The
National Design Specification (NDS) for Wood Structures along with the Timber Pile
Design and Construction Manual were used.
For the three control specimens, the typical approach for calculating the
compressive strength of wood according to the NDS was followed, with slight
modifications given by the Timber Pile Design and construction manual. Allowable stress
design (ASD) was used for all calculations. For piles 2 and 3, the damage in the pile was
accounted for by making the assumption that the pile would fail at the area with the most
significant damage to the cross section. This led to the smallest diameter on the pile not
being at the tip, but at whatever point that damage was located.
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The governing equation for the calculation of compressive strength of a wood
member is given by equation 4.2.
F' c=Fc×CD ×CM ×Ct ×CF ×Ci ×CP

(Equation 4.2)

F’c = Adjusted Compressive Strength
Fc = Reference Compressive Strength
CD = Load Duration Factor
CM = Wet Service Factor
Ct = Temperature Factor
CF = Size Factor
Ci = Incising Factor
CP = Column Stability Factor
The adjustment factors applied to the reference design value (Fc) are all found in
Chapter 4.3 of the NDS manual. These adjustments account for varying conditions that
piles may be subjected to or factors related to the size of the member.
For this study, it was assumed that the load duration factor, temperature factor,
and incising factor where all 1, meaning that the piles had sustained a load for a long
period of time, piles had not been subjected to temperatures above 100○ F for prolonged
periods of time, and incising had not occurred. The piles were assumed to have had a
moisture content that that exceeded 19%, so the wet service factor was taken as 0.8, as
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given in Table 4.2. The size factor was found using the Timber Pile Design Manual and is
shown in equation 4.3.
CF = (12/d)1/9  1.0

(Equation 4.3)

In this equation, d is the diameter of the pile. However, because the pile diameter is not
uniform throughout, it is adjusted according to equation 4.4, assuming the specimen has a
fixed-fixed connection.
d = dmin + (dmax - dmin)(1/3)

(Equation 4.4)

For this calculation dmax is taken as the largest diameter of the pile and dmin was taken as
the smaller tip diameter or the diameter of the cross section at the most damaged section
of the pile.
Next, the column stability factor was calculated by using equation 4.5.

𝐶p=

FcE =

1+𝐹𝑐𝐸 /𝐹∗ 𝑐
2c

- √(

1+𝐹𝑐𝐸 /𝐹∗ 𝑐 2
2𝑐

𝐹𝑐𝐸 /𝐹∗ 𝑐

) -(

c

)

(Equation 4.5)

0.822Emin’
2
l
( e⁄d)

Emin’= the minimum modulus of elasticity provided in table 4.3
le = adjusted length of pile for support conditions – see table 4.4 for adjustment factor Ke
F*c = reference compression design value parallel to grain multiplied by all adjustment
factors except CP
c = 0.85 for round timber poles and piles
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According to table 4.3, Emin’ was taken as 510,000 psi, as the piles provided from
the demolished bridge were all number 2 Southern Pine. The modulus of elasticity
remains consistent regardless of diameter. The adjustment factor Ke, also known as the
buckling length coefficient, is multiplied by the length of the pile to account for support
conditions. For the test set up, is was assumed a fixed-fixed connection was maintained,
so the value was approximated as 0.65, as shown in table 4.4.
Once all the adjustment factors have been attained, they are all multiplied by the
reference compression strength. This value was taken from table 4.5, from the Timber
Pile Design and Construction Manual. Because this value is given as a stress, it remains
the same for all piles, regardless of diameter and amount of damage.
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Table 4.1: Design Loads of Specimens
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Specimen

Damage Type FRP type

Injection
Material

1
2
3
4
5
6
7

None
Self-Inflicted
Natural
Natural
Natural
Self-Inflicted
Self-Inflicted

None
None
None
Resin
Resin
Grout
Grout

None
None
None
PileMedic
Sunrez
PileMedic
Sunrez

Design Load of
Unreinforced/
Undamaged
Pile (lb)
71080
73770
84070
84070
97420
73770
92070

Design
Stress (psi)

1002
1005
1002
1002
995
1005
998

Table 4.2: Wet Service Factor (Adapted from American Wood
Council 2018)
Property
Fb
Ft
Wet Service 0.85*
1
Factor, CM
*when (Fb)(CF) ≤ 1150 psi, CM = 1.0
*when (Fc)(CF) ≤ 750 psi, CM = 1.0

Fv
0.97

Fc⊥
0.67

Fc
E
0.8** 0.9

Table 4.3: Reference Design Values for Southern Pine (Adapted from American
Wood Council 2018)
Commercial Grade
Non-Dense Structural
Select
No. 1 Dense
No. 1
No.1 Non-Dense
No. 2
No. 2 Non-Dense
No. 3 and Stud

Size

Minimum Modulus of
Elasticity (psi)
620000
10” – 12”

660000
620000
580000
580000
510000
510000

Table 4.4: Adjusted Length Factor, K (Adapted from American Wood Council
2018)
Support
Conditions
Theoretical K
Value
Recommended
Design K
Value

FixedFixed
0.5

Free Fixed
2

Pin - Fixed Pin-Pin
0.7

1

0.65

2.1

0.8

1
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Table 4.5: Allowable Stress Values for Treated Round Timber Piles (Adapted from
Timber Piling Council 2016)
Species

Southern Pine
Douglas Fir
Lodgepole Pine
Red Oak
Red Pine

Axial
Compression
(psi)
1250
1300
1150
1100
850

Compression
Perpendicular to the
Grain (psi)
440
490
270
350
270
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Modulus of
Elasticity
(psi)
1500000
1500000
1000000
1250000
1300000

Figure 4.1: PileMedic Laminate Application

Figure 4.2: Notches in Pile for Resin Injection
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Figure 4.3: PVC Spacers

Figure 4.4: PileMedic Zip-tie Assembly (PileMedic 2020)
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Figure 4.5: Plastic Wrap to Hold Laminate

Figure 4.6: Spray Foam to Fill Void
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Figure 4.7: Plastic Under Pile to Prevent Resin Leakage
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Figure 4.8: Funnel for Resin Injection

Figure 4.9: Reinforced Piles
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CHAPTER 5
TEST RESULTS
5.1: INTRODUCTION
A total of seven tests were performed, three control tests and four tests on
reinforced specimens. The maximum load and displacement for each specimen is shown
in table 5.1. The specimens were further monitored through the use of acoustic emission
(AE), a nondestructive testing technique. The AE data was filtered using front end
amplitude filters, with an amplitude of 40 dB. This amplitude was chosen after running a
test with no load applied and adjusting the threshold so that no background noise was
picked up by the sensors. The data was analyzed using intensity analysis, cumulative
signal strength (CSS), and cumulative hits vs. time.
5.2: COMPRESSION TEST RESULTS
The load deflection curves were plotted for each test and are shown on figure 5.1.
From this graph, it is evident that the reinforced piles had a sufficient strength increase
from the unreinforced piles. The reinforcement method that provided the most strength
increase was the pile reinforced with the PileMedic laminate and filled with grout,
however, it should be noted that both the resin filled specimens performed well above the
design load and the control specimen. The only pile that did not perform better than the
control was the prepreg by Sunrez with a grout fill. Each test is described below in more
detail. The increase in strength for each reinforced specimen is shown in table 5.2.
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5.2.1 Specimen 1
The first specimen that was tested was the control pile with no visible damage.
As explained in chapter 3, some issues arose with this specimen because the plate used to
distribute the load was too thin and punctured the pile, as shown in figure 5.2. This likely
caused significant cracking at a lower load than if the plate had not punctured the pile.
The damage the pile maintained can be seen in figure 5.3. This damage was caused at a
load of 88300 pounds. Testing was stopped at this load because bending of the steel plate
was observed, and it was important to ensure that no damage to the testing equipment
was maintained because of this occurrence.
5.2.2 Specimen 2
Specimen 2 was another control specimen, which had maintained self-inflicted
damage from a saw. This specimen reached a maximum load of 109000 pounds before
the mid-section cracked, as shown in figure 5.4. It is hypothesized that the load reached
such a high value compared to the other control specimens due to the issues already
discussed with the setup of the first test, and the lack of preexisting cracks in the pile
caused less lateral deflections so a pure compressive force was able to be obtained for
longer.
5.2.3 Specimen 3
This pile was the naturally damaged control specimen. Even with a larger
diameter and accurate test setup, the pile still failed at a lower load, 76000 pounds, than
the undamaged specimen. The damage from this test can be seen in figure 5.5. Because a
majority of the damage was located at the end of the pile, once the load increased, the
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deflection started occurring rapidly, and eventually the pile began to crack significantly at
the end, thus the pile was no longer loaded concentrically, which caused lateral
deflections.
5.2.4 Specimen 4
This pile was reinforced using the FRP laminate from PileMedic with a resin fill.
This pile reached a load of 162000 pounds. As shown in figure 5.6, the damage occurred
on the pile itself, not failure of the reinforcing. The area in which failure occurred was at
the point of the unreinforced section of pile that had the smallest diameter. Large
displacements occurred due to slight buckling that happened as the load approached
160000 pounds, the test was stopped for safety reasons once the buckling was significant
enough that the pile was pushing up on the plexiglass covering.
5.2.5 Specimen 5
This pile was reinforced with the prepreg FRP from Sunrez and filled with resin.
This test reached a load of 152,000 lb. The test was stopped after cracking at the end
caused the pile to laterally displace and slip out of the test frame. The cracking can be
seen in figure 5.7. The FRP maintained no visible damage during testing.
5.2.6 Specimen 6
This pile was reinforced with the FRP laminate from PileMedic and filled with
grout. This specimen was taken to a load of 166000 pounds. The test was stopped at this
load because it was nearing the capacity of the test frame, however no damage was
observed on the pile or FRP except for some small cracking at the end of the pile, as
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shown in figure 5.8. Because no major was damage was observed, it was concluded that
this reinforcing method was the most successful.
5.3.7 Specimen 7
This pile was reinforced with the Sunrez prepreg and filled with grout. This pile
only reached a load of 104000 pounds before failing right above the FRP as shown in
figure 5.9. The pile deflected so much that the string pot measuring displacement broke.
Before this, a maximum deflection of 3.7 inches was obtained. A reason for this early
failure is in part due to the seam of the FRP breaking open, as seen in figure 5.10. After
this occurred, the confining pressure was lost, and the grout started to crack, followed by
the pile. This most likely occurred because not enough epoxy was used to seal the FRP
during the application, thus the lateral confining strength was actually greater than the
strength of the epoxy.
5.3 AE DAMAGE ASSESSMENT
For this study, three basic analysis methods were performed. These included
cumulative signal strength, intensity analysis, and cumulative hits over time. Cumulative
signal strength (CSS) can be a useful tool in pinpointing when damage occurred during
testing. Large spikes in the CSS vs. time graph can be associated with large amounts of
damage in the specimen. When compared to the load, this can be useful in gaging what
magnitude of load may produce the onset of significant cracks and failure in a specimen.
To find the CSS, the integral over time of the rectified signal was taken.
Intensity analysis was also used in this study in order to define a degree of
damage in the specimen. The historic index and severity index are plotted on an intensity
62

plot which is then divided into sections defining the level of damage that has occurred.
Intensity values near the bottom left of the plot indicate less damage and values plotted
toward the top right indicate higher level of damage. Equations for the historic and
severity index are provided in chapter 2. The values of the empirically derived constants,
K and J, are defined below.
K value is related to N by:
a) K = 0 if N≤50 b) K=N-30 if 51≤N≤200 c) K=0.85N if 201≤N≤500 and d) K=N75 if N≥501 (Anay 2019).
J values related to N by:
a) J = 0 if N< 50 and b) J = 50 if N≥50 (Anay 2019).
The last method of evaluation was done by assessing the cumulative hits that were
recorded on the timber portion versus the FRP portion of the reinforced specimens.
Because each hit is a sign of cracking, this can be a way to quantify how much more
damage took place on the unreinforced areas of the pile compared to the reinforced areas.
5.4 AE RESULTS
Figure 5.11 shows the CSS and load versus time for each specimen. From these
results it can be seen that the CSS spikes as the load increases, showing that the most
damage happens just after the peak load is obtained. From these graphs, the amount of
damage can be correlated with magnitude of load for each condition. This data can be
used for future testing to gain a better understanding of what loads may cause significant
cracks for each type of specimen. Furthermore, figure 5.12 shows the compiled CSS for
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each test. It can be observed that more damage occurred in less time for the unreinforced
specimens than it did for the reinforced specimens.
The intensity analysis plot is shown in figure 5.13. Some modifications had to be
made on test 1 because of issues with sensor 1. On this test, sensor 1 was located at the
point of severe cracks, which caused the sensor to fall off of the specimen, thus the data
collected was inaccurate and contained a great degree of noise, which exaggerated the
intensity and made this point an outlier, so sensor 1 was removed for this test.
It should also be noted that the intensity from test 3 is also exaggerated by sensor
1, however, from further analysis, it was concluded that this was accurate, as significant
cracking and failure occurred close to this sensor, thus it makes sense that this point
indicates a great degree of damage.
From this graph, it can be seen that all specimens, except for the laminate filled
with grout (specimen 6), reached a point of failure or extreme cracking. The most
damaged specimen was the naturally inflicted control specimen, followed by the other
two control specimens. One reason the naturally damaged control specimen shows
significant signs of damage may be due to the preexisting cracks throughout the
specimen, compared to the inflicted damage control specimen that only had damage
induced in one area.
Finally, the cumulative hits vs time graph can be seen in figure 5.14. The
cumulative hits recorded where normalized for each sensor, since there wasn’t an equal
number of sensors attached to the timber and FRP. From this, it is clear that much more
activity was taking place on the timber than the FRP. This is especially true for specimen
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5 and specimen 6. It is estimated that more hits were recorded on the FRP area in
specimen 4 because of the deflection that took place at the midspan as the pile began to
buckle, and with specimen 7 because of the failure at the FRP.
5.5 DISCUSSION/CONCLUSION
From the data collected, it can be concluded that reinforcing timber piles with
FRP can not only restore damaged piles capacity, but also offer a significant strength
increase. It was found that the reinforced specimens surpassed the design load as
calculated through the NDS manual, and the load from the undamaged control specimen
was also surpassed by all reinforced specimens except for the pile wrapped with the
Sunrez jacket and filled with grout. The PileMedic FRP with the grout fill performed the
best for piles with large areas of damage, and the PileMedic jacket reinforced with resin
worked the best for piles with smaller areas of damage, however the Sunrez jacket also
performed well for this application. Damage in all reinforced specimens occurred outside
of the reinforced region on the area of the pile that had the smallest diameter, except for
the case of the Sunrez jacket with grout fill. Failure in this specimen occurred near the
FRP portion and was due to an insufficient bond at the seam, which caused a loss of
confining pressure and cracking of grout. To prevent this issue from occurring, it may be
necessary to apply ratchet straps or steel strapping in addition to the resin bond. Another
option would be to apply epoxy to a larger portion of the FRP, similar to what was done
with the PileMedic application. The downside to this is that it takes more time and
requires the purchase of more materials.
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From the acoustic emission monitoring, it can be concluded that AE is a
promising non-destructive evaluation technique for use on timber piles. The data
collected shows that significant cracking and damage occurred as the load increased, and
that more cracking occurred in piles that had not been reinforced and the cracking
occurred sooner in the unreinforced piles. In addition, important benchmarks for
intensity analysis were obtained, so that future data can be categorized into a damage
severity based on this intensity plot.
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Table 5.1: Maximum Load and Displacements in Each
Specimen
Specimen Maximum
Load (lb)

Maximum
Maximum
Displacement Stress (psi)
(in)

1
2
3
4
5
6
7

0.49
0.79
0.38
1.39
1.16
2.14
3.70

88300
10900
76000
162000
152000
166000+
104000

1245
1440
1195
2060
1600
2340+
1200

Table 5.2: Load Increase for Reinforced Specimens
Specimen Maximum Design
Stress
Stress
(psi)
(psi)
4
5
6
7

2060
1600
2340+
1200

1002
995
1005
998

% increase % increase
from design from
undamaged
control
106%
65%
61%
29%
133%+
88%+
20%
none
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% increase
from
damaged
control
72%
34%
63%+
none

180000
160000
140000

Undamaged Control

120000

Inflicted Damage
Control

Load (lb)

100000

Naturally Damaged
Control

80000

Laminate with Resin
60000
Prepreg with Resin

40000

Laminate with Grout

20000
0
-0.5
-20000

0

0.5

1

1.5

2

2.5

Deflection (inches)

Figure 5.1: Load vs Axial Deflection for Each Test

Figure 5.2: Punctured Pile End
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3

3.5

4

Prepreg with Grout

Figure 5.3: Pile 1 Damage

a

b

Figure 5.4: Pile 2 Damage a) Crack at Mid-section b) Deformation of Pile
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Figure 5.5: Pile 3 Damage

Figure 5.6: Pile 4 Damage
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Figure 5.7: Damage at End of Pile 5

Figure 5.8: Slight Cracking on Pile 6
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Figure 5.9: Pile 7 Deformation

Figure 5.10: a) Broken FRP Seam b) Grout Cracking
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Figure 5.11: CSS and Load vs. Time a) Undamaged Control b) Inflicted Damage Control
c) Naturally Damaged Control d) Laminate with Resin e) Prepreg with Resin f) Laminate
with Grout g) Prepreg with Grout
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Figure 5.12: CSS vs Time for Each Specimen

Figure 5.13: Intensity Analysis
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Figure 5.14: Cumulative Hits vs. Time a) Laminate with Resin b) Prepreg with Resin c)
Laminate with Grout 6 d) Prepreg with Grout
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CHAPTER 6
SUMMARY AND CONCLUSIONS
6.1 SUMMARY OF REINFORCING
Rehabilitation and strengthening methods play a critical role in civil engineering
because of the current age of infrastructure in the United States. Degradation as well as
increased service loads can lead to bridges and buildings no longer being safe for public
use. In addition, unforeseen damage, such as impact loads, earthquakes, etc., can cause
damage to members in structures, thus requiring rehabilitation to prevent further damage
and ensure the structure stays safe for as long as possible.
In addition to providing adequate strength, it is important that rehabilitation and
strengthening procedures are practical for field use and are also cost-effective so that it
makes sense to implement these methods over complete demolition of the structure.
Timber piles are often candidates for reinforcement being that wood is a natural
material and susceptible to decay. In this study, four different repair methods were
chosen using an FRP laminate and an FRP prepreg, filled with either resin or grout. FRP
was chosen for the study because it is a high strength and lightweight material which
makes for a fast application that is less labor intensive. However, there are also a few
down sides to using FRP. This includes the fact that there is currently no codebook
established
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for this material, the same way there is for steel and concrete. For FRP applications on
timber, there are no guidelines set forth either, so calculations must be adapted from ACI
440, or performed through mechanics, which can take more time to analyze. In addition,
FRP can be costly, however it should also be noted that typically less material is needed
for strengthening using FRP compared to strengthening using concrete or steel, so even if
the unit price is higher, the overall material price may still be lower.
Because strength, cost, and ease of use are some of the most important factors
while considering what method to implement, these items were all investigated for each
repair. Important parameters are tabulated and shown in table 6.1.
To quantify “ease of use” two different items were explored, number of people
reinforcing and injecting, and amount of time each pile took to reinforce. These were
considered important because when looking to implement a new reinforcing method, it is
vital to assess how long it will take and how many people are needed on site because
these factors inevitably end up impacting the overall cost of the project. It was also noted
how much time it took for the products to cure; however, this wasn’t considered in
overall feasibility analysis because the piles do not need to be monitored while curing. In
the table, the time, in hours, it took to reinforce each pile is listed, this includes preparing
the FRP with epoxy, wrapping the pile, and injecting the annular space with the fill
material. In parenthesis the reinforcing time is added to the time it took to cure the resin
or grout to give the total time it took to wait before the pile could be tested. For the grout
used in this test, the three-day strength was sufficient, however some grout may need
seven to twenty-eight days to reach desired strength.
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It should also be noted that cure time for the Sunrez FRP could have been reduced
with the use of a UV lamp. Furthermore, introducing more people into the project could
have decreased reinforcing and fill time, and vice versa. It is also important to note that
as the project progressed, wrapping the piles with the FRP laminate took less time, so it
can be assumed that as construction workers get more use to working with laminates, the
faster they will become at reinforcing. Overall, the amount of time and resources that
every method took was relatively low and minimal to no training was required.
Price of the installation materials was also considered. This includes the cost of
the FRP, epoxy used to apply the jackets, and the resin or grout fill material. The most
expensive material was the resin, which is why it was limited to use for smaller areas of
damage. A common practice in the field when resin is being used for larger voids is to
mix the resin with an aggregate so that less of the material is needed. In some cases
(Azizinamini et al. 2014) this may even increase the compressive strength of the pile
because the heat of hydration is reduced, causing less damage to the pile and FRP.
To apply a rank to each method, the options were ranked 1-4 in all categories, 1
being the option that performed the best, and 4 being the option that performed the worst.
Then, the score was added up across all categories and the method with the lowest overall
score was given the best ranking with respect to feasibility. From this table, it can be
seen that the most feasible option is the PileMedic FRP jacket filled with grout. The
Sunrez jacket filled with grout ended up with the same overall score as the PileMedic
jacket filled with grout, however because more testing still needs to be done to assess the
strength of this method, it was placed second. Furthermore, the time for reinforcing, cost
of materials, and strength increase are all subject to change for the piles wrapped with the
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Sunrez FRP because additional procedures, such as steel strapping or more epoxy at the
seam, need to be explored before this material can be recommended.
From the FRP compressive strength calculations presented in chapter 4, it is
evident that the PileMedic jacket also offers a higher confining pressure than the Sunrez
prepreg, however, the Sunrez FRP is cheaper than the PileMedic FRP. Certain quality
control measurements need to be taken in order to make sure these calculations are
accurate; this includes ensuring an adequate seam. Furthermore, when the Sunrez jacket
was removed, it was observed that the second layer did not fully cure in the sun, so it may
be necessary to adjust the application further to allow for each layer to be cured
separately to fully gain the strength the FRP provides.
Overall, the use of either jacket is feasible, and depending on the project budget
and specific reinforcing requirements, i.e how much strengthening is required and
allowed, one jacket may be a better option over the other. However, more testing should
be done on the Sunrez FRP application process before it can be recommended for field
use.
6.2: SUMMARY OF AE ANALYSIS
This study showed that the use of AE analysis on timber specimens is a useful
non-destructive testing technique and can be applied on unreinforced and reinforced
specimens to gage damage in members. Data analysis through cumulative signal strength
showed that damage increased as the load increased, and maximum damage was reached
right after the maximum load. Through the comparison of CSS for each test, it was also
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observed that a higher degree of damage occurred in a shorter period of time, compared
to the reinforced specimens.
Through intensity analysis, important parameters regarding the degree of damage
were acquired. The severity index and the historic index were plotted and a boundary
depicting when serious cracking and threat of failure may occur was determined by
comparing the results to what was observed during testing. This information can be used
in future tests to assess the severity of damage throughout the specimen.
Finally, assessing the cumulative hits over time on the reinforced and
unreinforced areas of the pile showed how much more damage occurred in the areas of
the pile that were unreinforced. This further proves that failure will typically take place
in the unreinforced area, and not in the FRP.
6.3: RECOMMENDATIONS FOR FUTURE WORK
After testing the different reinforcement techniques, it can be recommended that
the PileMedic FRP be used in the field. Either fill material, resin or grout, is also
adequate, however resin should be avoided when larger areas of damage are considered
in order to save money. Furthermore, it was concluded that more testing needs to be
done on the Sunrez FRP in order to assess its effectiveness in the field. Subsequent tests
should consider a more secure bond at the seam, whether it be more epoxy or the addition
of steel strapping, as well as curing of each layer separately.
Furthermore, a test set-up with a higher capacity should be investigated so that
failure loads can be determined for all the specimens and piles that are completely
wrapped may also be investigated to gain better insight on how the FRP will fail under
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load. One way this could be done is to secure the piles at the end so they have a fixed
connection in the setup, this will prevent the pile from slipping out of the frame and will
allow for a pure compressive force for a longer period of time, especially with the
naturally damaged specimens. This would also be more similar to field conditions.
Another option would be to replace the threaded rods with DYWIDAG bars to increase
the capacity at the frame’s connections.
Lastly, more work can be done with the AE data to further evaluate precursors to
damage. This will give more insight on how AE may be used in the field to monitor
structures so that warning signs can be recognized, and action can be taken as quick as
possible. This evaluation may include a clustering method to gain a better understanding
of what each event means or a machine learning approach, such as a convolutional neural
network to assess patterns in the data collected.
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Table 6.1: Feasibility Parameters for Reinforcement Methods
Specimen

4

5

6

7

FRP

PileMedic

Sunrez

PileMedic

Sunrez

Fill

Resin

Resin

Grout

Grout

Total Cost

$1980

$1460

$1097

$575

Time (hrs)

5.5 (102.5*)

2.25
(124.25*)

3.5 (123.25*)

2.25
(146.25*)

# People
Reinforcing

4

2

4

2

#People
Injecting

1

1

1

1

Strength
Increase

72%

34%

63%+

none

4

3

1

2

Feasibility
Rank

*active reinforcing time plus time taken to cure (not included in rank)
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APPENDIX A
DESCRIPTION OF MATERIALS USED IN REPAIR
A.1 PileMedic FRP Data Sheet

Figure A.1: PLG14.13 Data Sheet Page 1
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Figure A.2: PLG14.13 Data Sheet Page 2
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A.2 Sunrez Impregnated Fibers Data Sheet

Figure A.3: TM Glass Data Sheet
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A.3 Sunrez Light Curing Resin Data Sheet
FI

Figure A.4: Sunrez 7330 Vinyl Ester Data Sheet
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A.4 Epoxy Data Sheet

Figure A.5: 220UR Data Sheet Page 1
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Figure A.6: 220UR Data Sheet Page 2
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A.5 Resin Data Sheet

Figure A.7: 320LV Data Sheet Page 1
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Figure A.8: 320LV Data Sheet Page 2
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A.6 Grout Data Sheet

Figure A.9: Non-Shrink Grout Data Sheet Page 1
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Figure A.10: Non-Shrink Grout Data Sheet Page 2
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